Over the past~5000 years, amplified dust generation and deposition in the American West has been linked to human activity. In recent decades, intensified rates of agriculture and livestock grazing have been correlated with greater dust production detected on seasonal to annual timescales. The combination of land use intensification and climate change (i.e. increased drought frequency) in North America highlights the importance of characterizing the sources of dust both before and after the influence of anthropogenic activity. We apply highprecision geochemical and isotopic (Sr and Nd isotopes) techniques to an ice core from the Upper Fremont Glacier (Wyoming, USA) to produce the first glacial dataset from the American West. Our Sr-Nd isotopic composition data indicates the evolving dust provenance to the Upper Fremont Glacier (UFG) from a long-range transport of mineral dust to a local source. This increasing input of dust from a local source is supported by a rise in average dust particle diameter combined with greater average dust concentration throughout the record. The greater presence of dust particles smaller than 2.5 μm in the most recent samples from UFG ice core record support existing satellite and sediment core data regarding the effects of anthropogenic activity upon dust sources and pathways in the American West. Although the Sr-Nd isotope database in North America needs be expanded, our results provide a survey of windborne dust through the past 270 years.
1. Introduction
Background and motivation
Ice cores provide a continuous record of climate history and can capture a longer time period than modern, in-situ measurements and, when compared to lake sediments, ice cores are not contaminated with local sedimentary input derived from rivers (i.e. lake sediment studies). Midlatitude alpine glaciers are regional archives of climate providing insight into paleoclimate and paleoenvironmental conditions. The high accumulation rates preserve anthropogenic pollutant input at high temporal resolution (Schuster et al., 2002; Uglietti et al., 2015) . Physical measurements of impurities (such as mineral dust) in the ice can provide insight into the regional and global climate conditions through time (Delmonte et al., 2004a; Fischer et al., 2007; Wolff et al., 2006 ). In addition to particle size distribution, determining the sources and transport pathways of dust involves detailed studies of the mineralogy, elemental compositions, and radiogenic isotopic composition of dust entrained within ice and potential source areas (PSAs) (Delmonte et al., 2004a; Lupker et al., 2010; Thevenon et al., 2009 ). Here, we attempt to isolate the contributions of different sources of dust deposited on the midlatitude Upper Fremont Glacier (Fig. 1) in North America during the time period of 1720 CE to 1974 CE to document changes in the dust cycle throughout the increasing agricultural and industrial activity in the American West.
Dust deposition can impact terrestrial ecosystems by: (1) contributing to phosphorus deposition in the western US, leading to eutrophication of inland waters (Ballantyne et al., 2011) , (2) altering the energy balance in mountain environments by accelerating melting rates of snow packs and alpine glaciers (Painter et al., 2007) , and (3) shift regional hydrological cycles due to earlier melting (Painter et al., 2007) .
Because the impacts of dust on ecosystems depend on the chemical compositions and thus source of the dust, understanding the dust sources and pathways in the American West is important to determine how both ecosystems and surface energy mass balance have evolved throughout time.
Global versus local inputs of dust
Dust fluxes are derived from both global (thousands of kilometers from the sink) and regional (tens to hundreds of kilometers) sources. Global sources (e.g. important deserts) are large places up to millions of square kilometers in area, generally arid, have an abundance of small particles and are subject to strong winds. The amount and impact of regional 'local' dust originating from anthropogenic activity (e.g. agriculture) is location-dependent and, in general, is believed to be less than the global contribution (Tegen et al., 2004) , although this belief is not well quantified. Modern global dust emissions and corresponding source areas are observable via satellite (Ginoux et al., 2012; Prospero et al., 2002) ; major dust sources are the largest northern hemisphere deserts (North Africa, Middle East, and the high deserts of Asia). Dust is carried out of Asia eastward, with dust storm peaks in the spring (Prospero et al., 2002 and references therein) .
Distinguishing between global (arid) and regional local dust is important due to ongoing land-use and climate change that will likely have a larger impact on local versus global dust transport and deposition. Increasing agriculture or aridity due to land-use change may create new sources of local dust, however the effects of climate change should dominate future dust emissions from well-characterized global dust sources (e.g. the Sahara, Gobi and Atacama deserts) (Tegen et al., 2004) .
Shifts in average particle diameters can distinguish local from global dust. Far-traveled dust is typically b10 μm due to the effects of gravitational settling, and regionally sourced dust is typically N 10 μm (Fig. 2 ) (Delmonte et al., 2004a; Mahowald et al., 2005) . Glaciers at high altitudes and low latitudes can have deposited local/regional dust particles ranging from 3 to 12 μm (Uglietti et al., 2014) . The lifetime of dust particles in the atmosphere is dependent on particle size, ranging from a few hours for particles larger than 10 μm, up to several weeks for submicrometer-sized particles (Mahowald et al., 2005) . The threshold friction velocity, or the friction velocity a particle must pass before movement via saltation, increases with grain size due to gravity, but also increases for smaller particles due to particle cohesion, which results in an optimum particle size of~60-80 μm at which the threshold friction velocity is at a minimum (Mahowald et al., 2005) . Dust particles with sizes of~70 μm are picked up most easily by winds, however, the dust transported thousands of kilometers has a modal diameter of 2 μm (Mahowald et al., 2005; Schulz et al., 1998) . Although longrange transported dust is typically small, larger dust particles (N 100 μm) have been recorded to travel long distances to remote oceanic regions (Betzer et al., 1988) . Increases in dust concentration and average particle diameter may result from land use changes (Fig. 3) , increased drought frequency, and higher than average wind speed, all of which culminate in greater dust emission and deposition (Ballantyne et al., 2011; Belnap and Gillette, 1997; Neff et al., 2008; Reheis and Urban, 2011) .
To address the issue of increasing dust deposition related to anthropogenic activity in the western United States, several studies utilize dust particles in lake sediment cores and mountain snowpack (Brahney et al., 2014; Brahney et al., 2013; Doebbert et al., 2014; Neff et al., 2008) . Dust particles in lake sediment cores are operationally defined as up to 65 μm in diameter, while dust in ice cores is generally smaller (Brahney et al., 2014 (Brahney et al., , 2013 Doebbert et al., 2014; Neff et al., 2008) . The primary method of distinguishing between long range transported dust to a locally derived source is particle size distribution. Neff et al. (2008) defined a 37-63 μm grain size fraction as eolian derived and the N 250 μm as locally eroded bedrock. Additionally, Neff et al. (2008) , measured particlesize distribution for modern dust for 5 different dust deposition events, with the results showing that 40% of dust mass collected occurs in the 10-37 μm class, 26% in the 37-63 μm class, and 17% in the 63-180 μm class. The authors speculated that the relatively large proportion of particles N37 μm is evidence for particles that have been transported hundreds rather than thousands of kilometers (Middleton et al., 2001; Neff et al., 2008) . Similarly, Ballantyne et al. (2011) studied lake sediments in two size classes: 37-60 μm and N 250 μm. The smaller size class most closely resembled the particle size distribution of eolian dust, whereas the larger size class was most likely locally derived sediment (Ballantyne et al., 2011) . In order to discern changes in finer dust particles from regional sources (N 10 μm) versus globally sourced dust (b10 μm), we utilize the Upper Fremont Glacier ice core as a paleoclimate record that is relatively pristine and does not contain sediment input from bedrock weathering.
Regionally, the largest modern, documented dust sources in North America lie between the Sierra Nevada Mountains to the west, and the Rocky Mountains to the east (Prospero et al., 2002) . There is seasonal variability in the export of dust from these regions, with dust transport generally highest from April through September. Human activity can result in greater dust availability over time, and studies show that the number and magnitude of dust sources in the American West region has increased as a result of anthropogenic activities (Grayson, 1993 ; Note that smaller (larger) dust particle diameters are indicative of long (short) transport distance. Reheis, 1997) . While the Great Plains was a major dust source during the 'Dust Bowl,' modern observations do not show this region as a significant dust emitter compared to natural or other human-caused sources of dust in North America (Prospero et al., 2002 ).
Anthropogenic influence on dust cycle
Anthropogenic dust sources are closely linked to the hydrological cycle, as satellite observations indicate emissions are correlated to land use and proximity to short-lived bodies of water (Ginoux et al., 2012) . In areas with low precipitation rates, agriculture and livestock grazing disturb soils and vegetation, leaving soils more susceptible to wind erosion during drought periods (Prospero and Lamb, 2003) . Increased human activity (i.e. agriculture and livestock grazing) in the American southwest and the Colorado Plateau during the past several decades has been correlated with greater dust production and deposition, which has been detected on mountain snow cover on seasonal to annual timescales Painter et al., 2007; Reynolds et al., 2001) . We would expect to observe higher concentrations of larger dust particles (N 10 μm in diameter) in the ice core record as agriculture and livestock grazing increases due to amplified dust generation and availability for transport. On longer timescales, the magnified impact of evolving agricultural practices (industrialization, soil conservation and increased cultivation area) on the dust cycle across North America has not yet been explored using ice core records. Land use dramatically changed from the time of initial European exploration, immigration, and agricultural cultivation as waves of immigrants settled the Great Plains and the American southwest (California, Nevada and Arizona) . From the 1700s to the present, the expanse of cultivated cropland across the US has increased by several orders of magnitude (Fig. 3) . Soil conservation efforts throughout the US following the Dust Bowl in the 1930s should result in a diminishing presence of large diameter dust particles in the ice core record, as coarser (sandy) particles are more susceptible to wind erosion than finer (silt and clay) particles (Lyles, 1985) .
During the period of pre-Industrial and pre-expansion into the American West (1720-1820 CE), natural changes in dust concentration and size distribution should coincide with regional droughts. Dry, arid conditions lead to higher dust availability, which combined with a mechanism for transport (wind), will lead to dustier conditions. Larger dust particles (N 10 μm) are likely regionally sourced dust, whereas smaller dust particles (b10 μm) are far traveled dust transported in the upper troposphere (Fig. 2) . During the Second Industrial Revolution (1860 ( -1910 and the westward expansion (~1869 CE), intensive grazing in certain parts of the West increased, and we would therefore expect to see increases in dust concentration and average dust particle diameter as the dust is regionally sourced. During the Dust Bowl (~1930 CE), severe drought combined with little to no crop rotation would result in an increase of transportable dust. Dust deposited during the dust bowl has been observed in the Greenland ice core record (Donarummo et al., 2003) , and in the UFG record should be in the diameter range of 1.2-4 μm, consistent with a soil-derived source (Patterson and Gillette, 1977) . The droughts that affected North America during 1950 CE and the late 1980s CE combined with higher wind speeds during the spring would likely cause an increase in coarse-grained particles transported to sinks in close proximity (e.g. lakes and mountain glaciers). From 1970 CE onward, increased activity such as agriculture and livestock grazing in the American southwest and Colorado Plateau would result in greater dust production and a shift in dust provenance to these regions depending on the wind direction.
Recent work (Brahney et al., 2014 (Brahney et al., , 2013 Doebbert et al., 2014; Neff et al., 2008; Painter et al., 2007) has indicated that agriculture development and water diversion has resulted in larger, local dust emissions from the Colorado Plateau and Green River Basin. Because of the growing interest in using ice cores from alpine glaciers to reconstruct records 1963 , 1967 , and 1974 CE respectively (Draxler and Hess, 1998 ; these model conditions reveal backward trajectories from a wider sector of western North America, including Colorado, New Mexico, and Arizona, and western Arctic Alaska and Canada. This figure was generated using the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model, which computes air parcel trajectories to demonstrate dispersion and deposition pathways (Draxler and Hess, 1998) .
of dust sources and deposition, we must also consider changes in rock exposure due to the advance or retreat of glaciers over time. For example, at the UFG site, fresh moraine or more likely outwash material could be an increasing local source over time due to the retreat of the seven glaciers in the Wind River Range (WRR) since the Little Ice Age (LIA), and should be N10 μm. These moraines are essentially devoid of vegetation; thus, if up-glacier winds are strong enough, they could pick up glacier flour particles from these moraines. Outwash plains can be a source of windblown dust because the constant grinding of glacial processes produces glacial flour, which is fine-grained crushed bedrock. Braided streams are constantly moving across the outwash plain, leaving behind unconsolidated sediment exposed to wind. Dust from these glacial processes is uplifted into the atmosphere by wind gusts and transported tens to thousands of kilometers depending on the dominant wind direction and strength. Previous work has linked dust flux peaks in Antarctica with periods of high sediment deposition in outwash plains in Patagonia (Sugden et al., 2009) , and it is therefore important to consider moraine or outwash material as significant contributors to dust in ice cores.
Satellite observations of dust transport
In tracking modern dust emissions and modeling transport for the purposes of determining air quality, dust source activations (DSAs) are well defined (Schepanski et al., 2007 (Schepanski et al., , 2009 ). However, in paleoclimate literature DSAs are not known but hypothesized, and are therefore referred to as PSAs (Basile et al., 1997; Biscaye et al., 1997; Delmonte et al., 2010 Delmonte et al., , 2004a Mahowald et al., 1999) . In order to narrow the possibilities of PSAs globally and regionally, we used the web-based version of the NOAA HYSPLIT model (HYbrid Single-Particle Lagrangian Integrated Trajectory Model, 1997, http://www.arl.noaa.gov/ready/ hysplit4.html) to illustrate the range in isentropic backward air trajectories terminating at the ice core site on the UFG (Fig. 4) . The HYSPLIT Naftz et al., 1996) . model computes air parcel trajectories to demonstrate dispersion and deposition pathways (Draxler and Hess, 1998 ) using publicly available model-derived meteorological data formatted for HYSPLIT from NOAA ARL (www.ready.noaa.gov/archives.php) and NOAA NCEP (ftp:// ftpprd.ncep.noaa.gov//pub/data/nccf/com/hysplit/prod/). Seven-day back trajectories were performed using known meteorological conditions for the second week in April, June, August, October, and December 1963 , 1967 and 1974 . We chose these years as they are the approximate ages of several samples from the UFG ice core record measured here, these months to span a large portion of the year and to determine any seasonal trends, and the week randomly. Even with these fifteen model runs (Fig. 4) , it is apparent that air masses from all modern dust emission sources in North America can be transported to the UFG site. Because back trajectory models require recorded meteorological conditions to run, it is not possible to determine trajectories during the entire time period of ice covered by our ice core (except for 1963 (except for , 1967 (except for , and 1974 , and so we use these for illustrative purposes to show monthly, seasonal and annual variability. It is important to note that backward trajectories provide insight into dust pathways, however the mixing of multiple dust sources in the atmosphere is complex and difficult to model.
Upper Fremont Glacier site description
The glaciers of the WRR experience generally low solar radiation and predominantly westerly winds due to the easterly orientation (Fryxell, 1935) . The average annual precipitation from 1971 to 2000 at the WRR is 1143 mm/year (of water equivalent) (Curtis and Grimes, 2004) , with the majority of precipitation occurring as snow during the winter. Wyoming has experienced both higher annual temperatures and precipitation on a decadal basis since 1966 (Curtis and Grimes, 2004) , and reconstructed air temperatures based on water stable isotope data from the UFG ice core indicate an increase in average air temperature of~5°C from the end of the LIA to the early 1990s (Naftz et al., 2002) . Two~160 m long ice cores were drilled in 1991 and 1998 at the UFG, providing the first successful reconstruction of paleoclimate from a south-central North American ice core (Naftz et al., 1996) . These records include stable oxygen isotopes in precipitation, nitrate and tritium concentrations, and carbon-14 concentration from grasshopper leg parts entrained in the ice, sulfate, chloride, and electrical conductivity measurements, and Hg concentrations (Naftz et al., 1996; Schuster et al., 2002 Schuster et al., , 2000 . Thus far, these records show the impact of warming climate and industrialization as the precipitation trends toward heavier oxygen isotopic values and higher atmospheric concentrations of Hg are observed over the time encompassed by the ice core. For this study, we used samples from the UFG core drilled in 1998, as the 1991 UFG core was almost entirely consumed for previous work. The 1998 UFG core drilling location is within 200 m of the 1991 core. The high altitude of the UFG minimizes the occurrence of meltwater percolation and re-freezing (Naftz et al., 2002) , however percolation and washout is possible, which is why the filtrate portion of the UFG ice core was not measured. The insoluble particles and trace element (TE) records should not be affected by meltwater percolation, as recent work by Wong et al. (2013) indicates that the seasonal chemical signal is preserved during meltwater intrusion. Furthermore, Wong et al. (2013) showed that dust TEs retain their annual stratigraphy and are capable of serving as a dating parameter in ice cores affected by up to 10% annual melt, and assuming that the UFG did not exceed this melt index, melt events should not significantly affect the age scale and interpretation of the UFG ice core.
Materials and methods
We analyzed 13 samples from the UFG ice core (FRE 98-4 ice core, 43°07′37″ N, 109°36′54″ W, 4000 m a.s.l.), located in the WRR, Wyoming, USA (Fig. 1) . Ice core samples from the UFG were delivered from the National Ice Core Laboratory (NICL). The ice core samples measured during this study spanned a depth of~158-20 m below the surface corresponding to the time interval~1715-1974 CE. Each ice core section was approximately 40 cm long and span~1 year. Each ice core section was cut longitudinally into 3 subsamples: the outer portion for radiogenic isotopic composition measurement, another for dust concentration and size distribution measurements, and the last for TE concentration determination. Hereafter, the procedure for processing the radiogenic samples varied from the processing for the dust concentration and size distribution and TE samples using previously published methods (Koornneef et al., 2014) .
Age scale and uncertainty between 1991 and 1998 UFG ice core
Two ice cores from the Upper Fremont Glacier were retrieved from two different sampling locations in 1991 and 1998 CE, respectively (Fig. 5) . The two ice cores encompass the same time period; the age/ depth relationship is slightly different, but not systematically over the entire records. Uncertainty in the age scale is as high as 95 years (based on a carbon-14 date) at the base (~1715 CE), and 10 years near the surface. We apply the age scale of the 1991 core to the 1998 core for this study, as the 1998 core possesses oxygen isotope data only for the depths of 16-60 m (Schuster et al., 2004) . It should be noted, that the oxygen isotope data from the 1991 and 1998 core agree with each other.
Previous work (Schuster et al., 2002) utilized both the 1991 and 1998 ice cores to produce a single atmospheric mercury deposition record in North America from~1720 to 1993 CE The continuity of the Hg record between the two separate UFG ice cores suggests that the chronology displacement of the records is sub decadal. Annual dust layers in the UFG are not always present, making visual layer counting as a method of age dating impossible. The chronology of the 1991 UFG was determined using chemical and isotopic age dating techniques. The 1963 tritium (Naftz et al., 1996) and 1958 chlorine-36 peaks (Cecil and Vogt, 1997; Naftz et al., 2002) were located at depths of 28 and 32 m, respectively. A carbon-14 value obtained from a grasshopper leg entrained in ice at 152 m yielded an age of 221 ± 95 years BP (Naftz et al., 1996) . These dates, along with the estimated snow accumulation and ablation values (Naftz, 1993) , were used to establish a lowresolution age scale for the UFG cores.
Additional volcanic time markers for the ice cores were established at depths of 88 and 123 m using electrical conductivity measurements, which improved the ice-core chronology to prediction limits of ± 10 years (90% confidence level) (Schuster et al., 2000) . The lack of concrete chemical age-markers below the depth of 32 m suggests that the age scale for the 1991 core possesses a potential error, which may be significant with increasing depth (Fig. 6 ). Unfortunately we are unable to precisely calculate the potential error on the age scale and we use the dashed lines on Fig. 7 to illustrate this uncertainty. The potential error has implications for samples at higher depths, and highlights the necessity of accurately determining the 1998 UFG ice core age scale. The tritium peak in the 1998 ice core is~1.5 m deeper than the tritium peak in the 1991 ice core (Naftz et al., 2002) , most likely due to additional snow deposited on the UFG between the 1991 and 1998 ice core retrievals and small-scale variations in snow accumulation and retention between the two sites. Additionally, changes in ice flow and redistribution could be potential sources of the offset in depth of the tritium peak between the two ice cores. Although ice folding is a possibility, previous studies have indicated that there is no evidence of this (Schuster et al., 2002) , and the upper 60 m of the 1998 ice core are well dated (Schuster et al., 2004) . Radio-echo sounding used to determine ice thickness at the UFG did not suggest the occurrence of ice folding (Naftz, 1993) . Although seasonal isotopic signatures should not be preserved, long-term trends in climate are visible, which is sufficient for describing changes in dust provenance over the time record considered. The 1991 UFG ice core is~160 m long with~270 years of paleoclimate record, suggesting an average accumulation rate of N0.5 m/year ice equivalent. Based upon the accumulation rate and the unlikely possibility of significant ice thinning in the relatively shallow alpine glacier, we estimate that the timescale difference between the 1991 and 1998 ice cores are likely sub-decadal. Each sample measured in this study was~0.4 m in length, representing at least one year and even longer at greater depths depending on the rates of ice thinning. However, despite the possibility of a sub-decadal difference in age, the overall age scale should be sufficient for the purposes of investigating changes over 250 years.
To examine potential differences in ice stratigraphy between the two ice core sites, we also incorporate the ice thickness data of three transects of the UFG determined using radio-echo sounding (Fig. 5 ) (Naftz et al., 1996) , which was confirmed by drilling to bedrock in 1991 (Naftz, 1993) . The two ice core sites from 1991 and 1998 are in close proximity to the transect B-B′, indicating that the two ice cores retrieved are of similar thickness (~160 m), and are situated close to the accumulation area without any major bedrock anomalies that would result in a major disturbance to the age-scale relationship between the two ice cores (see transect A-A′) (Fig. 5 ). Chronological refinement on the age-depth relationship of the 1991 UFG ice core utilized volcanic events, and isotope and chemical data (Schuster et al., 2000) . A bestfit polynomial line was fitted to this data and plotted (Fig. 6) , and the age equation (Schuster et al., 2000) is:
where 'D' is depth in meters. We applied this age-depth relationship equation to determine the approximate age of samples from the 1998 UFG ice core, and based upon the proximity of the two drilling locations, the maximum offset between the two ice core records should be b 10 m; which will result in an age offset that increases with increasing depth. Thus, if we assume that the maximum depth offset between the two ice cores is 10 m, and that the 1991 age scale equation is correct, then the age offset would be b30 years between the two ice cores, which is insignificant in terms of the trends discussed here.
Initial processing and decontamination of the UFG ice core
From the three 40 cm long subsamples, the outer portion was reserved for radiogenic isotopic composition measurement (weighing approximately 314 g), along with one section for dust concentration and size distribution measurements (weighing approximately 73 g), and one for TE concentration measurement (weighing approximately 73 g). The latter two samples were split into three subsamples: a, b, and c (each weighing approximately 24 g), with subsample "a" being the portion of the core closest to the surface of the glacier (see Fig. 7 for a schematic of the ice core cutting diagram). Tools for decontaminating and processing the ice core were made of PFA Teflon and acid washed prior to use; we used PFA Teflon chisels impregnated with quartz to scrape the outermost layer of the ice. All initial processing and chemistry were performed in a class 10,000 clean room, under class 100 laminar flow hoods.
Processing of the radiogenic isotope portion of the UFG ice core
Each ice core sample for the radiogenic portion was decontaminated using a three-step procedure. First, while the ice core sections were still cold (−25°C), the outer most 2 mm were scraped with the PFA chisels and then rinsed with distilled ethanol. After allowing the ice cores to warm up for~10 min, the cores were again scraped another 1-2 mm with a new, clean PFA chisel, and rinsed with MilliQ water. The core sections were then melted while buffered to a neutral pH with ultra-pure ammonia, and the resulting liquid was immediately filtered through 2 acid pre-cleaned 0.2 μm and 30 μm Teflon filters under a class 100 laminar flow hood. The dust fraction was dissolved and digested off the filters for elemental separations using column chemistry procedures described in Lupker et al. (2010) .
Sr and Nd fractions of particularly dusty (~0.5 dust mg yield after filtering) UFG ice samples were analyzed using a Thermo Scientific Triton PLUS Thermal Ionization Mass Spectrometer (TIMS) equipped with 10 11 Ohm resistors at the University of Michigan, while the small Nd fractions were analyzed using a Thermo Scientific Triton PLUS TIMS equipped with 10 13 Ohm resistors at VU Amsterdam using procedures described by Koornneef et al. (2014) . All Sr isotopic compositions were normalized to Table 2 ). The USGS reference material BCR-2 (10 ng) measured at the same time as the samples averaged 0.705035 ± 7 (2σ SD, n = 1) ( Table 2 ). Neodymium isotopic compositions were normalized to 146 Nd/ 144 Nd = 0.7219 using the exponential law and mass 149 was monitored for Sm interference. To ensure accuracy, Nd isotopic standard JNdi-1 (10 ng) was measured at 143 Nd/ 144 Nd = 0.512102 ± 22 (2σ SD, n = 4) ( Table 2) .
We measured two different size fractions (fine filter: 0.2-30 μm, and coarse filter: 30-60 μm) of particulates collected from the filtered and buffered meltwater of 13 discrete samples from the 1998 UFG ice core for Sr and Nd isotopic composition. Next, we performed bulk analysis of dust concentration and size distribution and TE concentrations on three longitudinal subsamples for each primary sample to assess short O from 1991 UFG ice core meltwater (Naftz et al., 1996) . b) Dust concentration from FRE 98-4 separated into 1-5 (black circles) and N5 μm (black diamonds). c) Crustal enrichment of FRE 98-4 meltwater for the trace metals Cr, As, Cd, Pb, Cu and Zn, common industrial pollutants (circles distinguished by colour, see legend; see Table S1 for concentrations of all trace elements analyzed). d) 87 Sr/
86
Sr and e) ε Nd for 0.2-30 μm (black circles) and N30 μm (red diamonds) insoluble dust. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) term (b 1 year) variability. Melted ice core samples were analyzed for dust concentration and size distribution by Coulter® Counter.
Processing of the trace element portion of the UFG ice core
Samples reserved for TE concentration analysis were triple-rinsed with MilliQ water using acid-washed LDPE pliers, and melted in precleaned LDPE Nalgene bottles following procedures established by Boutron et al. (1990) . The melted samples were immediately acidified in 1% HNO 3 (ultra-pure) and left to sit for approximately 1 month prior to analysis to dissolve dust particles (Uglietti et al., 2014) . Trace element concentrations were determined at The Ohio State University on a Thermo Element2 Inductively Coupled Plasma Sector Field Mass Spectrometer (ICP SFMS) coupled with a micro-flow nebulizer and a desolvation system (Apex Q). This system allows for TE detection down to the sub-pg g − 1 levels (Uglietti et al., 2014 As.
Processing of the dust concentration and size distribution portion of the UFG ice core
The dust concentration and size distribution samples were triplerinsed with MilliQ water using acid pre-cleaned LDPE pliers and stored in triple rinsed PFTE centrifuge tubes frozen until just prior to analysis following the procedures described in Delmonte et al. (2004a) . For each dust concentration and size distribution subsample,~20 ml was available for Coulter Counter Multisizer 3® microparticle concentration and size distribution measurements in the range of 1.006-29.83 μm. Five consecutive measurements were performed on each sample to ensure the accuracy of the results. The reproducibility is very good for concentrated samples (typically b2% for 50,000 particles/g), whereas some scattering occurs with low concentration samples (~20% for 1000/g) (Delmonte et al., 2002) . The blank levels were negligible on the order of 1-2 ppb.
Results and discussion
3.1. Dust particle concentration and size distribution Dust particle concentrations and size distributions are summarized in Figs. 8, 9 , and 10b, respectively. The three sub-samples span a length of~13.3 cm, and sub-samples from 1816 and 1974 CE have variable dust concentration and size distributions (Fig. 8) . The difference in dust concentration and size is most likely due to a seasonal effect as the average annual accumulation rate is N0.5 m ice equivalent (note that dust concentration and size distribution of three sub-samples are averaged in Fig. 9 ). The average dust concentration changes from~15 to 17 ppb from 1816 to 1974 CE, supporting the idea of amplified dust availability and/or dust events during that time period (Fig. 8) (Ballantyne et al., 2011; Belnap and Gillette, 1997; Delmonte et al., 2004a; Neff et al., 2008; Reheis and Urban, 2011) . The uncertainty in dust concentration measurements ranges from 20% for low concentration (i.e. b10 ppb) to 2% for high concentration (i.e. N100 ppb) (Delmonte et al., 2002) . We observe the highest dust concentration (N 1600 ppb) at an ice depth of~120 m below surface (~1816 CE), while the dust concentration is N 1200 ppb at a depth of~20 m below surface (~1974 CE) (Figs. 9, 10b ). The average dust particle diameter of 5 μm (Fig. 8 ) associated with the high dust concentration observed in~1974 CE suggests that this dust could not be transported over very large distances but originates from a local dust event near the UFG. The noticeably higher spikes in dust concentration are in the N 5 μm dust fraction (Fig. 10b) . suggesting dust deposition from local dust events. The larger observed dust sizes (N10 μm and b37 μm) recorded and analyzed in lacustrine systems (Ballantyne et al., 2011; Neff et al., 2008) , together with this data highlights the relevance of evaluating dust size fractions up to 60 μm when investigating continental dust records. When comparing older (1816 CE) to younger (1974 CE) samples, the average diameter of dust particles changes from~2 μm to 5 μm (Fig. 8) , suggesting either a shift to a closer dust source or increasing wind strength. The full record of dust particle size distribution with respect to dust concentration is shown in Fig. 9 , illustrating the variable physical dust composition over the time period of interest.
Increasing input of PM 2.5
There is no clear trend in dust particle diameter size over time. Several of the younger samples (1926 ( , 1963 ( , and 1967 have size distributions with the possibility of increasing input of particulate matter (PM) smaller than 2.5 μm (PM 2.5 ) (Fig. 9) . However, the majority of dust mass deposited during these time periods is in the larger dust diameter size (N 4 μm), suggesting increased levels of local dust input (i.e. larger particle diameter size), though the small spikes in PM 2.5 are clearly visible in the dust particle size distributions (Fig. 9) . Primary production of fine and ultrafine PM are both natural and anthropogenic in origin, and sources of particulate pollution may be from factories, power plants, refuse incinerators, motor vehicles, construction activity, fires and windblown mineral dust (Kampa and Castanas, 2008) . Fine particles b 2.5 μm in diameter may be damaging to human health through inhalation and accumulation in the respiratory system (Kampa and Castanas, 2008) . The increasing abundance of particles less than PM 2.5 (in this case the rising abundance of small PM is 1.5 μm) may be the result of an increase in anthropogenic pollutants (Rodriguez et al., 2011; Silva et al., 2013) .
Trace element concentrations indicate anthropogenic influence
The crustal enrichment factor (EF) is defined here as the concentration ratio of a particular element relative to that of Al (which serves as an indicator for rock and soil dust) in the ice, normalized to the same concentration ratio found in the upper continental crust (Wedepohl, 1995) . For example, the EF for Pb is:
The trace metal (Cr, As, Cd, Pb, Cu, and Zn) EF is represented in Fig. 10c , with a significant portion of the samples displaying EFs N100 Sr for dust within UFG ice (symbols) and for potential sources of dust to UFG (labeled symbols and coloured areas) (Ballantyne et al., 2011; Biscaye et al., 1997; Doebbert et al., 2014; Goldstein et al., 2008; Lawrence et al., 2011; Neff et al., 2008; Painter et al., 2007 Sr isotope compositions of dust. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (Cr was the only trace metal with an EF measured at or below 9.3, see Table 1 ). EF greater than ten are possibly due to volcanic activity, forest fires, enrichment of certain metals in a source area, and long range transport of anthropogenic material . The very high crustal EFs in the samples may be attributed to interactions of insoluble dust with anthropogenic emissions as dust particles can scavenge pollutants during atmospheric transport and subsequently deposit them in terrestrial or aquatic ecosystems or upon ice sheets and glaciers (Erel et al., 2006; Reheis et al., 2009) . We observe the highest crustal EFs (up to N100) for Pb and Cd most notably during 1753, 1765, and 1926 CE. The high crustal EFs in the older samples (1753 and 1765 CE) may be due to dust input from nearby sources enriched in these metals, as both samples have increasing input of particles N4 μm (Fig. 9) . The sample from 1926 CE however, has increasing input of particles b2.5 μm (Fig. 9) , and its high crustal EF could be a result of anthropogenic input (Table 1) . Following the Clean Air Act of 1963, our observed crustal EFs are slightly lower, possibly a result of reduced air pollution emissions (Fig. 10c , see Table S1 for full TE concentrations).
Sr-Nd isotopic compositions as a tracer of variable dust provenance
Varying age and geologic history of continental crust results in unique Sr-Nd isotopic compositions for the source rock and resulting weathered material available for aeolian transport; these radiogenic isotopes are a powerful tool for determining dust provenance (Aarons et al., 2013; Abouchami et al., 2013; Biscaye et al., 1997; Bory et al., 2003 Bory et al., , 2002 Gaiero, 2007; Grousset and Biscaye, 2005; Grousset et al., 1992 Grousset et al., , 1988 Grousset et al., , 1998 Kumar et al., 2014; Lupker et al., 2010) . The Sr and Nd isotopic compositions of dust from the UFG ice, local potential dust material from the WRR, PSAs, and dust records from other American West regions are reported in Figs 10d,e and 11 (see Tables 2 and S2 for dust in ice and PSA isotope compositions respectively (Delmonte et al., 2004a; Lupker et al., 2010) . It is possible that each sample may represent~1 year, and if this is indeed the case, the fluctuating radiogenic data indicates that dust provenance varied significantly over the last 300 years. It is also possible that the observed changes in isotopic composition are linked to changes in dust sources and pathways on seasonal timescales if individual samples span b1 year. Samples with good agreement between the fine and coarse fraction in both Sr and Nd isotopic composition would suggest a local dust source. Based upon the PSA data available, this local dust source could be the Green River Basin, however sampling more PSAs from the surrounding areas would aid in the interpretation. Samples with the fine fraction displaying more radiogenic Sr isotopic compositions would imply input from a long range dust source (i.e. the Sahara); 87 Sr/ 86 Sr of dust particles is highly dependent upon the dust particle diameter and degree of weathering (Aarons et al., 2013; Biscaye, 1971) . The 87 Sr/ 86 Sr and ε Nd isotopic compositions of measured fine and coarse dust samples suggest potential mixing between dust originating primarily from the Colorado Plateau, American southwest deserts, the Green River Basin, and another dust source with similar Sr compositions and more radiogenic ε Nd (Fig. 11) . The combined Sr and Nd isotopic compositions of dust from the UFG are not in agreement with two separate WRR moraine samples, indicating that local input of dust from a recently exposed Little Ice Age moraine material is unlikely (Fig. 11) . The isotopic compositions suggest that the globally significant upwind northern hemisphere dust sources (e.g. deserts of Asia, Alaska loess) are not the dominant dust sources to this sector of the American West. Further, dust in these ice core samples have different isotopic compositions than dust deposited in the San Juan Mountains sourced from the Colorado Plateau (Fig. 11) (Lawrence et al., 2011 Sr ratios ranging from 0.710 to 0.715, values that are well within the boundaries of the Sr isotopic composition measured here (Doebbert et al., 2014) , although no published literature data is available for Nd compositions. Large increases in dust originating from the semi-arid portion of the Green River basin have occurred in the western US in the past few decades, including in the WRR, where dust deposition has doubled in the last decade (Brahney et al., 2013) . Our most recent sample is from~1974 CE, however it is possible that the increased dust input from the Green River basin extends to that time period. More recent samples from the UFG appear to be close in isotopic composition to one data point from the Green River basin, whereas the deeper, older samples originate from an uncharacterized source (Figs. 10d, 11 ). The oldest sample (158 m depth,~1715 CE) has the lowest dust concentration and Sr isotopic composition, and one of the lowest crustal EF, which we would expect during a time period with low anthropogenic influence.
Combining radiogenic isotopic compositions with dust particle diameter is a complementary method of classifying variations in dust source and transport distance. Air masses may originate from Alaska, but it is unlikely that the coarse dust fraction is derived from such long-range sources. Depending on the wind speed (on average ranging from 3 to 12 m/s), gravitational settling should remove all of the 30 μm dust size fraction within 3000 km of the dust source (Aarons et al., 2013) . Combined with observed isotopic similarities of the coarse and fine-fraction material, we conclude that the dust within the UFG ice is sourced primarily from the continental US. The exception may be several deeper/older samples (1753, 1765 and 1892 CE, fine fraction), displaying the most unradiogenic Nd compositions (Fig. 11) . It is important to note that we do not have Nd isotope data of the coarse fractions of samples from 1753 and 1765 CE. The more contemporary and coarse fraction samples measure closer to the southwest desert and Colorado Plateau PSAs and modern dust measured in the WRR. Thus, our combined physical characterization-isotopic composition dataset may suggest a temporal shift in dust provenance to a more local source, although additional data is necessary to assess the statistical significance. This chemical proxy supports observational records indicating that over the last 100 years, changes in land use practices combined with cyclical droughts have resulted in dust transported thousands of kilometers across North America (Dean, 1997; Mahowald et al., 2005) .
Conclusions
This work provides the first radiogenic isotope measurements of dust entrained in a midlatitude North American glacier. Our results serve as a preliminary survey of dust deposited on the UFG throughout the timescale in question, and provide evidence of a possible transition to relatively local dust input as the average dust particle diameter changes from~2 to~5 μm between 1815 and 1974 CE. More recent samples with increasing input of PM 2.5 may be an indication of particulate pollution from anthropogenic sources. The dust available for radiogenic isotope analysis in the UFG ice is two orders of magnitude less (e.g. b1 ng Nd) than dust measured in modern dust and lake sediment core studies, emphasizing the utility of applying new analytical techniques (10 13 Ω resistors on TIMS) to small samples. The results presented here demonstrate the variable provenance of dust transported to this sector of the American West. This radiogenic isotopic composition dataset highlights the incomplete reference database of Sr-Nd isotopic measurements from PSAs in North America, which must be addressed before further source-to-sink analyses of aeolian dust. Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.chemgeo.2016.09.006.
